Abstract. Accurate identification of fishes and their parasites is fundamental to the development, management and sustainability of fisheries and aquaculture worldwide. We examined three commercially and recreationally exploited Australian arripid species (Pisces: Arripidae), namely Australian herring (Arripis georgianus), eastern Australian salmon (A. trutta) and western Australian salmon (A. truttaceus), to determine their metazoan parasite assemblages and infection parameters. We identified 49 parasite species including 35 new parasite-host records and recognised seven ambiguous parasite-host records in the literature, largely a consequence of unsubstantiated host identifications in previous studies. Morphological and molecular methods confirmed a new western extension for the range of A. trutta, ,1000 km west of the previous record. Confusion about host identification and the range extension documented here has implications for the management of these economically important arripid species in southern Australian waters. Our examination of an endemic Australian fish family emphasises that accurate identification of fishes and their parasites is a fundamental prerequisite for efficient and sustainable resource management.
Introduction
Accurate species identification underpins knowledge of biodiversity, biogeography, biosecurity, biology, ecology, conservation, management and animal health. Published examples emphasise this for parasites (e.g. Peters et al. 1983; Siddall et al. 2007) , commercially important fish (e.g. Dulvy and Reynolds 2009 ) and parasites infecting fish (e.g. Barber et al. 2000; MacKenzie 2002; Young et al. 2007) . Morphological taxonomy remains a fundamental scientific tool and has immediate relevance to applied marine science. There is an increasing need to return to basics, survey fishes and their parasite fauna across broad geographic ranges and accurately identify hosts and parasites to species level. Fundamental knowledge of parasite assemblages is missing for members of the Arripidae, fishes endemic to southern Australian and New Zealand (NZ) waters. The Arripidae contains a single genus Arripis of four species (Paulin 1993) . The following three species comprise important commercial and recreational fisheries in Australian waters: Australian herring or tommy rough (Arripis georgianus), eastern Australian salmon (A. trutta) and western Australian salmon (A. truttaceus). About 3000 t of 'Australian salmon' (A. trutta and A. truttaceus combined) are taken commercially in Australian waters per annum, and ,100 t of A. georgianus are captured commercially in South Australia (SA) (ABARE 2009) .
Arripis georgianus and A. truttaceus school inshore and share similar distributions and reproductive strategies; however, they are distinct morphologically. They each comprise a single stock distributed from Western Australian (WA) to Victorian waters and waters around Tasmania (Malcolm 1960; Hoedt and Dimmlich 1994; Fairclough et al. 2000b) . A. georgianus also occurs off the eastern coast of New South Wales (NSW) (Gomon et al. 2008) . A. georgianus and A. truttaceus share the same single spawning ground off the south-western coast of WA (Fairclough et al. 2000b; Jones 2008) . A. trutta overlaps their distribution in Victorian and Tasmanian waters, and is also found off NSW and NZ. Its stock structure is currently unknown (Smith et al. 2008) .
Morphological similarity among some Arripis species has led to an identity crisis (Paulin 1993) . A. trutta and A. truttaceus can be distinguished only by maximum attainable size and the number of gill rakers on the first gill arch (Gomon et al. 2008) , a character suggested to result from different prey species consumed (Malcolm 1959; Hoedt and Dimmlich 1994) . The practical difficulty in distinguishing these species has ultimately confounded scientific research and fishery data (SARDI 2000; ABARE 2009 ). Indeed, A. trutta and A. truttaceus are not treated as separate species for current Australian fishery catch statistics (ABARE 2009). Furthermore, the distribution of these species remains unclear. Reports that indicate capture records outside the recognised distribution of these species are available only through 'grey' literature and no corresponding specimens are deposited in museum collections for verification and future study.
Ambiguity in fish identification also mars parasite-host records, with many reports failing to detail methods used to identify hosts. Knowledge of the parasite fauna of arripids is valuable because individuals may aggregate near structure, including fish farms (Dempster and Kingsford 2004; Neira 2005; , a behaviour that presents an opportunity for parasite interactions between farmed and wild fish. Several parasite species are documented from A. trutta but few are reported from A. georgianus and A. truttaceus. The aim of our study was to extend knowledge of the metazoan parasite fauna of the Arripidae in southern Australian waters, provide comprehensive host and parasite identifications and validate host identity via molecular genetics.
Materials and methods

Fish collection and identification
In all, 183 A. georgianus individuals (mean fork length (FL) ¼ 179 mm, range ¼ 154-220 mm) and 67 A. truttaceus individuals (mean FL ¼ 350 mm, range ¼ 185-601 mm) obtained from Spencer Gulf (SG), Gulf St Vincent (GSV), Kangaroo Island (KI) and Coffin Bay (CB) in SA waters (Fig. 1) were examined between February and July 2009 for metazoan parasites (University of Adelaide, Animal Ethics Committee Project S-098-2007). Four A. trutta individuals were examined from KI and Almonta Beach, and CB National Park in SA waters (Fig. 1) , and 19 were examined from Bermagui in NSW (mean FL ¼ 448 mm, range ¼ 179-545 mm) (Fig. 1, inset ). Fishes were collected either via line fishing or from market catches (Safcol Fish Market, Mile End, Adelaide, SA, and Sydney Fish Market, Pyrmont, NSW). Most fish individuals were examined fresh; others were frozen on capture and processed later. We distinguished A. trutta from A. truttaceus by using gill raker counts on the first gill arch (Gomon et al. 2008) and used molecular genetics to confirm our morphological differentiation.
Fish necropsies
Fish were examined for metazoan parasites by standard parasitological methods following Hutson et al. (2007) . Tissue samples (fin clips) were collected from each fish examined, stored in 95% undenatured ethanol and lodged with the Australian Biological Tissue Collection (ABTC 108509-108777) at the South Australian Museum (SAMA). Four partially dissected A. trutta individuals were deposited in the Ichthyology Collection at SAMA (n ¼ 2 from KI, F12179-80; n ¼ 1 from Almonta Beach, CB National Park, F12182) and Museum Victoria (MV) (n ¼ 1 from KI, A 30606-001). One individual of A. georgianus and one of A. truttaceus captured from Edithburgh and Pt Broughton, respectively, were also deposited (partially dissected specimens) in the Ichthyology Collection at SAMA (n ¼ 1 from Edithburgh, F12378; n ¼ 1 from Pt Broughton, F12379).
Parasite preparation
Standard methods following Hutson et al. (2007) were used to preserve, stain, mount and examine parasites. Original descriptions, redescriptions (see Tables 1-3) , keys and borrowed vouchers assisted identification. Parasite prevalence and intensity are given in whole numbers and follow Bush et al. (1997) . Mean and maximum intensity for Ceratomyxa sp. (Myxozoa) from A. truttaceus could not be determined because of the high level of infection observed prohibiting accurate counts of individuals. Parasites are deposited in the Australian Helminthological Collection (AHC) and the Crustacean collection (C) at SAMA, the Parasitology Collection at Queensland Museum (G), the collections at the Natural History Museum, London (BMNH) and the United States National Parasite Collection (USNPC) (Tables 1-3).
Molecular methods
Total genomic DNA was extracted, amplified and sequenced from fin clips of A. truttaceus, A. trutta and A. georgianus, sourced from different localities in SA and NSW (Table 4 , available as an Accessory Publication to this paper), using the molecular methods in . Three partial gene segments were amplified and sequenced using the following primers: Cox1 fragment -Primers Fish F2 and Fish R2 (Ward et al. 2005) ; 16S fragment -Primers L2510-16S and H3084-16S (Doiuchi and Nakabo 2006) ; 28S fragment -Primers 28SV and 28SJJ (Smith and Wheeler 2004) . Representative sequences are deposited in GenBank (Table 4 , available as an Accessory Publication to this paper). The recovered sequences were compared with reference strains (Table 4 , available as an Accessory Publication to this paper). All pair-wise similarities are presented in Table 5 , available as an Accessory Publication to this paper.
Results and discussion
Range extension for Arripis trutta and distribution of arripid species
Our morphological (different gill raker counts) and molecular analyses (0% variance in Cox1 sequences between SA and NSW A. trutta) confirmed the presence of A. trutta in SA waters and extended its western range by ,1000 km from Port Philip Bay, Victoria (38819 0 11 00 S, 144842 0 48 00 E) to Almonta Beach, CB National Park, SA (Fig. 1) . On the basis of the molecular analyses, we have confirmed that gill raker counts morphologically discriminate the species and also noted a consistent difference in the appearance of the gill rakers; those of A. trutta are relatively long, thin and closely spaced compared with those of A. truttaceus. Primers specific to A. georgianus 28S rRNA failed to amplify product from A. trutta and A. truttaceus, prohibiting sequence comparison for this gene. Furthermore, the 16S rRNA sequence fragment (545-563 bp) from A. trutta was identical to that from A. truttaceus, also prohibiting the discrimination of these species by using this gene fragment. Given the morphological similarity of these two arripid species, except maximum attainable size and gill raker number on the first gill arch (Gomon et al. 2008) , it is easy to understand why their coexistence in SA waters has gone undetected. Our results indicated a considerable overlap in the distribution of three Arripis spp. in SA waters (Fig. 1) . It is likely that A. trutta schools with A. truttaceus in SA waters because they were always captured together in our study. Fairclough et al. (2000a) indicated that A. trutta spawns in south-eastern Australia in summer, when the southward-moving Eastern Australian Current (EAC) and subsequent residual current moving westward are strong (Richardson and Poloczanska 2009) . In recent years, the strength of the EAC has intensified, with a predicted increase of 420% by 2100, resulting in changes in the range of several marine species (Ridgway and Hill 2009) . This suggests that the occurrence of A. trutta in SA waters may increase in the future. We believe our discovery is significant for the Australian salmon fishery in SA waters. However, before any action is taken to modify fishery management, it is crucial to determine whether or not A. trutta is common in SA waters and also whether the species contributes significantly to the catch limit. This will require subsampling over an extended time period.
A single fish species that exhibits divergent migration behaviours may exhibit subtle, but demonstrable morphological differences (Secor 1999) . It is plausible that A. truttaceus and A. trutta may represent a single Arripis species and that differences in gill raker number and morphology and the maximum body size attained may correlate with different feeding habits along separate migration paths (Malcolm 1959) . Fish tissue accessioned for all arripid individuals examined by us may be valuable for future investigation of this hypothesis. Irrespective of the outcome, the distinct life-history differences between A. truttaceus and A. trutta should be acknowledged by fishery managers and it is recommended that the relative proportions of these species in commercial catches should be assessed. Monostephanostomum manteri Kruse, 1979 Intestine, caeca
Kruse ( 
Metazoan parasite fauna of the Arripidae
We recovered a total of 8455 parasites, 4959 from A. truttaceus, 3417 from A. georgianus and 79 from A. trutta. A diverse community of metazoan parasites infects arripids, with representation across a wide spectrum of parasite taxa in five phyla (Tables 1-3 ). In all, 17 parasite species were recorded and identified from A. georgianus, 20 from A. truttaceus and 12 from A. trutta (Tables 1-3) . Including previous accounts of parasite species from A. trutta, together with those recorded here, a total of 34 species is now documented from this species (Table 3) . Of the parasites recorded in our study from all three arripids, 71% represent new host records. Poulin and Morand (2000) stated that a central limitation in the current parasite-diversity estimates is that not all living host species are identified and/or described. The three arripid species examined here were described in the early 1800s, so discovery of such a high percentage of new host records is surprising. Host species that are well known but not examined carefully in sufficient numbers also contribute significantly to underestimates of parasite diversity.
We also recorded four parasitic crustacean species that have been associated with mass mortality of cultured fishes overseas. The importance of this discovery for southern Australian finfish sea-cage aquaculture is reviewed elsewhere . Larval tetraphyllidean metacestodes, which are difficult to classify using basic morphology (e.g. Chambers et al. 2000) , were the only parasites not identified to genus or below. They were designated as Types 1-3 on the basis of differences in length, width and position of the four triloculate bothridia and apical sucker.
Similarities and differences in parasites among Arripis spp.
Our results showed similarities as well as clear differences in the parasite assemblages and parasite species richness among A. georgianus, respectively) , which can be explained by a range of host attributes. Similarities and differences in parasite assemblages could be due to host phylogeny because shared parasite species may be inherited from a common ancestor (Poulin and Rohde 1997) , whereas distinct parasite species may reflect host speciation over time (Guegan et al. 1992) . A. trutta is more closely related to A. truttaceus than to A. georgianus (see Ward and Holmes 2007) (Tables 2, 3 ) whereas A. georgianus has its own monogenean species (Microcotyle arripis) and different nematode and cestode species (Table 1) .
Nonetheless, differences observed may simply be attributed to spatial scale restrictions. For instance, Marcogliese (2002) and Poulin (2007) stated that parasite distributions are superimposed on distributional patterns of free-living animals that participate as hosts in the parasite's lifecycle. Price and Clancy (1983) asserted that the geographical range of a host comprises multiple habitats, with each contributing additional parasite species to the overall fauna. Our study, together with published literature, sampled A. georgianus, A. truttaceus and A. trutta from only a small part of their total geographical and size range. Therefore, there is no information on the contribution of additional geographical habitats and fish ontogeny to the overall parasite fauna of each arripid species.
Parasite species richness was greatest for A. trutta (Table 3 ). This may be because A. trutta is the most widely distributed arripid species compared with A. georgianus and A. truttaceus and, therefore, has the potential to encounter greater numbers of parasite species across its broad range (e.g. Guegan et al. 1992) . Nonetheless, numerous studies have also shown that larger fish hosts have greater parasite abundance and parasite species richness than do small hosts (e.g. Kearn 1967; Ho 1991; Guegan et al. 1992; Poulin 1997) . Larger host bodies provide more space and a greater diversity of niches for parasites to colonise (Guegan et al. 1992; Lo et al. 1998) . A. trutta and A. truttaceus reach a larger maximum size than A. georgianus (see Gomon et al. 2008) , possibly explaining the observed result that the first two host species have a greater parasite species richness compared with the latter. Nevertheless, A. trutta is historically the more studied arripid species for parasites and therefore sampling bias may also explain this observation.
Food web structure is hypothesised to affect transmission of parasite species (Marcogliese and Cone 1997; Marcogliese 2002) . Therefore, diet may influence the parasite assemblage associated with an individual (Braicovich and Timi 2008) . Diet and feeding studies for all three arripid species are limited. Information focuses on the different prey items consumed by A. truttaceus and A. trutta corresponding to differences in gill raker anatomy, with little information on the diet for A. georgianus (K. Jones, pers. comm.) . In our study, the highest maximum infection intensities were for the endoparasitic digenean Telorhynchus arripidis from A. georgianus and A. truttaceus (Tables 1, 2) . Infection by T. arripidis occurs by ingesting intermediate hosts harbouring encysted metacercariae (Lo et al. 1998) , suggesting prey containing these infective stages comprise a major part of the diet of A. georgianus and A. truttaceus.
Ambiguous parasite-host records
Several ambiguous parasite-host records for A. trutta in SA waters were noted (Table 3) . These may have resulted from confusion surrounding discrimination and identification of A. trutta and A. truttaceus in previous literature (see Paulin 1993 for a review), but are also a result of authors failing to acknowledge methods used to identify hosts (e.g. Lebedev 1968 Lebedev , 1969 Kruse 1979; Bolton et al. 2005 ; Table 3 ). Before our study, the known western limit for A. trutta was Port Phillip Bay (Hutson et al. 2004) , rendering previous parasite-host identifications for A. trutta in SA ambiguous. It is clear from our study and from previous reports (e.g. Hoedt and Dimmlich 1994; Jones and Westlake 2003) that A. truttaceus is the common Australian salmon species in SA waters and that most previous ambiguous records are likely to be A. truttaceus misidentified as A. trutta. These doubtful reports plainly demonstrate the critical importance of stating the methods used to identify hosts (e.g. keys and/or literature consulted, authorities asked for advice) as well as the value of lodging host specimens and/or host-tissue samples in established permanent collections for verification and future study.
Conclusions
The present study has provided new information on the distribution of A. trutta, with validation of morphological identification (based on gill raker number and morphology on gill arch one) via molecular genetics. The extension of the western range by ,1000 km, from Port Philip Bay, Victoria, to Almonta Beach, CB National Park, SA, has implications for the management of arripids in southern Australian waters. We have here reported 35 new metazoan parasite-host records from three arripid species in southern Australian waters. Our thorough documentation of parasite assemblages for A. georgianus, A. truttaceus and A. trutta provides valuable baseline data that will permit the detection of changes in parasite fauna over time.
